Purpose Developmental dysplasia of the hip (DDH) is a leading cause of disability in childhood and early adult life. Clinical and sonographic screening programmes have been used to facilitate early detection but the effectiveness of both screening strategies is unproven. This article discusses the role for screening in DDH and provides an evidencebased review for early management of cases detected by such screening programmes. Methods We performed a literature review using the key words 'hip dysplasia,' 'screening,' 'ultrasound,' and 'treatment.' Results The screening method of choice and its effectiveness in DDH still needs to be established although it seems essential that screening tests are performed by trained and competent examiners. There is no level 1 evidence to advise on the role of abduction splinting in DDH although clinicians feel strongly that hip instability does improve with such a treatment regime. The definition of what constitutes a pathological dysplasia and when this requires treatment is also poorly understood. Conclusion Further research needs to establish whether early splintage of clinically stable but sonographically dysplastic hips affects future risk of late-presenting dysplasia/dislocation and osteoarthritis. There is a need for high quality studies in the future if these questions are to be answered.
Introduction
Developmental dysplasia of the hip (DDH) affects 1-2% of newborns, depending upon whether a clinical or sonographic definition is used [1, 2] , and is a leading cause of premature arthritis requiring total hip replacement [3] . Data from the Norwegian arthroplasty register suggest it is responsible for 8.6% of all primary hip replacements and for 28.8% of those in people aged ≤60 years [4] . DDH has replaced the term congenital dislocation of the hip (CDH) to reflect more accurately its dynamic presentation and potentially progressive nature [5] . Early diagnosis leads to a more successful outcome [6] , but 40 years after the introduction of a national clinical screening programme in the United Kingdom [7] , and despite the change in nomenclature and substantial literature on the subject, the number of late cases of DDH is not falling and the operation rate is increasing when it had been expected to decrease [8, 9] . This article discusses the role for screening in DDH and provides an evidence-based review for early management.
DDH is a dynamic disorder
DDH represents a spectrum of neonatal hip joint malformation and instability. In its mildest form acetabular dysplasia is present in the neonatal period, whereby the hip may be stable and concentrically located. It is thought that most cases improve spontaneously and the child may never present clinically, but the number of cases of stable acetabular dysplasia that fail to improve is not known, nor are the implications for hip function and risk of osteoarthritis in later life. The spectrum extends through more severe forms of dysplasia with or without neonatal hip instability, to the established hip subluxation with significant dysplasia, some of which may then go on to dislocate. There are also some cases of a true congenital dislocation at birth where the acetabular dysplasia is minimal. As the child develops, the condition has the potential to improve or worsen which is why some believe 'late' dislocation may never be abolished by screening alone [5, 10] . 'Clinical surveillance' is the preferred term when discussing diagnosis as repeated assessment throughout infancy is required to improve detection rates [10] .
DDH can be classified into three types 'idiopathic', teratologic or neuromuscular. Teratologic hip dislocations occur before birth and are associated with syndromes such as arthrogryposis and Larsen's syndrome. They are characterised by high dislocations that are often stiff; they do not respond well to conservative treatment methods. Neuromuscular conditions such as cerebral palsy and myelomeningocele may also predispose to hip dislocation. Abnormal stresses across the hip joint from altered muscle tone induce dysplastic change in the acetabulum over time and affect hip stability [11] . Neuromuscular dysplasia of the hip generally presents later in childhood with treatment directed at the underlying problem of disordered muscle tone as well as the anatomical dysplasia. This review discusses only 'idiopathic' DDH.
Early detection improves outcome
There is general consensus that early detection improves outcome [10, 12] . When detected early the soft tissues are lax. A dislocated hip may be reduced by closed means during the clinical examination. Dynamic flexion-abduction splints such as the Pavlik harness or static splints such as the Von Rosen splint or the Graf splint may stabilise the hip until the soft tissues tighten [13, 14] . With a stable contained hip acetabular dysplasia may subsequently normalise due to the excellent remodelling capacity in the infant. With later detection (over six months), soft tissue contractures and bony deformity on the acetabular or femoral side result in fixed deformities. Closed reduction is less likely to succeed without concomitant soft tissue surgery, usually an adductor tenotomy with or without a psoas tenotomy, and an open surgical reduction may be required. The older the child is at presentation, the more likely it is that an open reduction will be required with the addition of femoral and/or acetabular osteotomies to stabilise the reduction. The outcome of late open reduction is significantly worse in terms of long-term hip function and future risk of osteoarthritis [6] . There is no clear definition as to what constitutes a late diagnosis; however, the success rate of simple conservative treatment falls significantly after seven weeks [15, 16] .
The role of screening in DDH
The rationale for screening is to reduce the incidence of late detected DDH, as late diagnosis results in the need for more complex treatments with worse long-term hip function. Early detection enables prompt initiation of abduction splinting and reduces the need for surgical intervention, although epidemiologists believe that this perception has not been proven satisfactorily. The main challenges facing DDH screening relate to its detection (Table 1) .
Clinical screening
In the United Kingdom, the Standing Medical Advisory Committee (SMAC) has published guidelines on DDH screening that are presently being updated [17] . Currently they state all babies should be screened clinically within 24 hours of birth, prior to hospital discharge, at six weeks, between six and nine months and at walking age.
Clinical screening with the Ortolani [18] manoeuvre (for the reducible dislocation) and Barlow test [19] (for the dislocatable hip) are the most widely used methods to detect DDH in the neonate. These tests have a high specificity (>99%) but low sensitivity (60%), especially with non-trained examiners [20, 21] . In later infancy (over two months of age) limitation of hip abduction has a higher specificity (>95%) but is not sensitive enough (70%) to justify use as a routine screening test [22] . Leg-length discrepancy ( Fig. 1) and asymmetric thigh skin folds may also demonstrate hip displacement, but both these signs are unsuitable for screening; asymmetrical thigh skin folds are found in 25% of normal babies [23] .
Optimism that clinical screening might reduce the rate of late diagnosed DDH has faded [10, 24] . Many reports have failed to demonstrate a reduction and there are even reports of an increased rate of late diagnosis [20, 25] . However when these clinical tests are performed by highly trained examiners, be they paediatricians, surgeons or physiotherapists, there is good evidence that late diagnosis rates can fall to acceptable levels [20, 21] . In the United Kingdom, most clinical screening is performed by poorly trained and inexperienced examiners as part of multiphasic newborn screening. This is thought to be a major factor as to why clinical screening has failed [10, 26] .
The future of clinical screening in the United Kingdom
The NHS Newborn and Infant Physical Examination Programme (NIPE) involves a general physical review of the neonate within 72 hours of birth and at six to eight weeks of age. Specific examinations of the child's heart, eyes, testes and hips are performed. Until last year there was little guidance on the standards and competencies required to perform these assessments. In March 2008 the UK National Screening Committee launched the 'Newborn Physical Examination Standards and Competencies Programme,' which aims to ensure all healthcare professionals carrying out such tests are fully trained and competent to do so as part of a wider initiative into improving child health (The NHS Healthy Child Programme) [27] . In addition a national screening management system has been developed and will be implemented throughout the United Kingdom soon. This will provide an interface between primary and secondary care, facilitate accurate assessment and reporting and audit performance. These initiatives, in conjunction with new guidelines from the SMAC, are intended to drive quality and improve outcomes for children with DDH.
Ultrasound screening in DDH
Ultrasound screening can be 'selective' for high-risk groups or 'universal' for all neonates. The use of ultrasound in the detection of DDH was first proposed by Graf in the 1980s [28] . Since then many different modifications [29, 30] have developed which fall into two main groups: static tests that assess morphology and dynamic tests which assess stability. Ultrasound is best used until 4.5 months of age whilst the femoral head is largely cartilaginous. After this plain antero-posterior pelvic radiographs are more useful.
Static ultrasound methods
The Graf method is the most widely used system throughout Europe (Fig. 2 ). This static evaluation method assigns hips to one of four groups on the basis of the bony acetabular roof modelling (α-angle), cartilaginous roof (β-angle) and bony rim (Fig. 3) (Table 2 ). These morphological appearances represent a continuum from normal to severe dysplasia and this has led to variability in sonographic interpretation (Fig. 4) . The interobserver and intraobserver error is good for normal hips but poor for borderline and abnormal hips [31] . Graf type 1 hips identified sonographically in the neonatal period are likely to remain normal; however, the natural history of Graf types 2 to 4, with and without intervention, is not fully understood due to the lack of well designed prospective studies with adequate follow-up. International opinion varies on how to treat these differing grades of sonographic dysplasia; some treat Graf 2 hips in abduction splints, whereas others prefer to monitor Graf type 2 hips and only treat types 3 and 4. Morin has adapted the Graf technique to evaluate the percentage of the femoral head covered by the bony acetabulum -femoral head cover method (Fig. 2) [32] . A hip is considered pathological when femoral head cover by the bony rim of the acetabulum is <44% in girls and <47% in boys [33] [34] [35] . Using this diagnostic method, up to 6% of newborns may have dysplastic hips [26] . In contrast to the Graf α-angle, the femoral head cover method requires the hip to be stable. When the hip is unstable, individual measurements can be inaccurate as femoral head cover may vary with eccentric location of the femoral head within the dysplastic acetabulum.
Dynamic ultrasound methods
Dynamic tests popularised by Harcke et al. [30] involve stressing the hip in a manner similar to the Barlow manoeuvre in order to assess stability using real-time ultrasonography. Hips are classified as normal, subluxated or dislocated. Dynamic methods are highly 'operator dependent,' as skill in performing the examination in addition to interpreting the images is required. Rosendahl et al. [36] have combined static and dynamic methods to assess hip stability and morphology separately as dynamic tests alone may fail to detect stable hips with acetabular dysplasia.
Although ultrasound has a specificity and sensitivity >90% [37] , the subjective nature of the assessment makes reliability and reproducibility difficult to standardise. Ascertainment methods combining static and dynamic measures have the highest sensitivity as they detect stable hips with acetabular dysplasia in addition to morphologically normal hips which prove unstable on stressing [36] . False positive results are common in the first two weeks of life so ultrasound screening should be withheld until two to three weeks after birth to allow physiological instability to improve.
Selective ultrasound screening
Selective ultrasound screening in conjunction with clinical screening is practised in many centres in the United Kingdom. Babies in high risk groups are offered an ultrasound scan on the premise that their hip pathology might go undetected with clinical screening alone. The SMAC guidelines state 60% of dislocations occur in high risk groups [17] with certain risk factors being more predictive than others (Table 3 ) [38] . Selective programmes screen 1.5-15% of the population and identify unstable hips that would have gone undetected by clinical examination alone [12] . Studies incorporating more risk factors in their inclusion criteria screen more babies; their early detection and abduction splinting rates are higher with a consequent reduction in the requirement for late surgical intervention [9, 12] . However, risk factors are not always a good predictor of DDH. One prospective study showed only one in 75 infants with a risk factor had a dislocated hip, whereas one in 11 infants with clinical instability developed a dislocation [39] . Clinical tests are more accurate than static ultrasound for the diagnosis of instability [40] . This emphasises the need for good clinical examination which is still an essential pre-requisite for selective ultrasound screening programmes. ig. 2 Coronal ultrasound section through the acetabulum. Appearances of the acetabular modelling, cartilaginous roof and bony rim grade hip dysplasia into Graf types 1-4 [28] . The femoral head cover method uses line A (an extension of the iliac wing) to define the percentage of the femoral head covered by the bony acetabulum [32] Universal ultrasound screening Universal screening of all babies is practised in several countries such as Germany and Austria. These countries have seen a reduction in the number of late diagnosed cases and fewer children require open surgical reduction [41] . One prospective study from Germany reported an ascertainment-adjusted first operative rate of 0.26 per 1,000 live births (95% CI 0.22-0.32) after universal screening [42] . This compared to a UK MRC study which reported a rate of 0.78 (95% CI 0.72-0.84) after clinical screening alone [9] . The results from a universal ultrasound screening programme in Coventry, United Kingdom, are noteworthy [35] . Ninety-eight percent of children (14,050 babies) were screened at birth of which 6% were required to re-attend for further imaging and/or treatment. No late presentation of hip dysplasia was identified in a screened baby. The programme was recently suspended (but subsequently reinstated) over concerns regarding the clinical and cost effectiveness of a universal screening strategy; these issues remain significant barriers to universal screening in many countries.
Clegg et al. [43] argue that costs for clinical, selective and universal screening policies are equal when the costs of running a screening programme are balanced against the expense of treating the condition late. A prospective economic analysis based on a UK randomised control trial concluded that the use of ultrasound in the diagnosis and management of DDH was unlikely to impose an increased cost burden and might reduce costs to health services and families [44] .
Universal screening is associated with higher rates of abduction splinting [29] which, if initiated for a condition the child does not have, is an important consideration. Iatrogenic AVN of the femoral head affects up to 1% of treated babies and can predispose to premature osteoarthri- Graf with ossification delay and a shallow acetabulum, 43°≤α-angle <50°. d Graf 3 subluxed hip, α-angle <43°, β-angle >77°(see Table 2 for morphological descriptions) Fig. 4 Coronal ultrasound sections through the acetabulum using a modified Graf technique [26] illustrate the different Graf subtypes. a Graf 1 normal hip, α-angle≥60°. b Graf 2a mildly dysplastic hip, 50°≤α-angle <60°. c Graf 2c severely dysplastic but contained hip tis. Femoral nerve palsies and pressure sores also complicate the use of abduction splints. A recent systematic review of the literature by the US Preventative Services Task Force concluded that there was insufficient evidence to recommend universal ultrasound screening in DDH due to the lack of robust evidence favouring screening [45] . Although we still need to prove that it works, the ethical question of withholding screening for a treatable condition from a group of babies who may develop life-long disability needs careful thought through.
Selective versus universal screening
Two randomised control trials have compared selective to universal ultrasound screening [29, 34] . Holen et al. [34] randomised 15,529 infants to either clinical screening and ultrasound examination of all hips or clinical screening of all hips and ultrasound examination only of those at risk. One late-detected hip dysplasia was seen in the universal group (rate 0.13 per 1,000 babies) compared with six (0.65 per 1,000 babies) in the selective group -a difference that was not statistically significant (p=0.22). They emphasised the importance of clinical screening performed by welltrained examiners but felt they could not justify universal screening on statistical grounds. Using similar methodology, a study of 11,925 infants by Rosendahl et al. [29] found no statistically significant difference in the incidence of late presenting DDH (including acetabular dysplasia and dislocation) between those managed by clinical examination and those who had an additional ultrasound examination. Again, the clinical screening was performed by highlytrained examiners. In many countries clinical screening is performed by relatively inexperienced examiners. The results in the Holen et al. [34] and Rosendahl et al. [29] studies might have been different had poorly-trained examiners performed the clinical screening, as the advantage offered by ultrasound only becomes evident when such screening is compared with clinical screening by nontrained examiners [46] .
Treatment
The primary aim of treatment is to achieve a stable concentric reduction of the femoral head within the acetabulum. The earlier this is achieved, the better the remodelling capacity of the femoral head and acetabulum, correcting any residual dysplasia and lowering the risk of iatrogenic AVN. Most unstable hips stabilise spontaneously by two to six weeks of age without any specific treatment, and >90% of stable acetabular dysplasias develop normally without any treatment within 9-12 weeks [35] . This has led to difficulties in definition as to what constitutes a pathological dysplasia or instability and at what stage this should warrant treatment (Table 4) . When detected early (six to eight weeks) before significant fixed soft tissue contractures develop, hip reduction and stability is best achieved by the use of a dynamic flexionabduction orthosis, such as the Pavlik harness, which allows gradual stretching of tight adductor muscles. If Pavlik harness treatment can be instigated within the first three months of life, only 5-10% of infants may require further treatment [13, 47] . When detected later than six to eight weeks, particularly in the presence of instability, static abduction splints such as the Von Rosen splint may be more successful at obtaining and/or maintaining a reduction, although the risk of AVN is higher, particularly in cases of fixed dislocation [48] . Abduction splinting for fixed (unreducible) dislocation must not continue for more than two weeks.
Multiple different abduction splints are available, however there is no level 1 evidence to suggest their clinical effectiveness or safety in the treatment of DDH. In studies instigating treatment at different times and for different grades of dysplasia, rates of reduction with the Pavlik harness vary between 70% and 99% with an AVN rate between 0% and 28% [47, 49, 50] . When analysing the treatment efficacy of abduction splints in the literature it is essential to know the severity of dysplasia being treated and time at which treatment is instigated. Johnson et al. [49] reported a 99% reduction rate with 0% AVN rate when subluxation was included in the definition and harness treatment instigated early. When harness treatment is instigated later and used to treat dislocation as opposed to subluxation or acetabular dysplasia, AVN rates are higher and the success rate is lower [47, 51] . Most studies on abduction splinting are observational and provide level 3 or 4 evidence, which has led to difficulty in knowing what types of dysplasia need treatment and when.
In the United Kingdom and other Northern European countries, mild dysplasias (Graf 2 including subtypes) are generally considered a sign of immaturity not pathology and serial ultrasound monitoring is instigated [34] . Clinical instability or progression of dysplasia to a Graf 3 or 4 hip (subluxed or dislocated) would be an indication for abduction splinting. Many would also consider the presence of persistent instability on ultrasound alone to be an indication for treatment [12] . In the German speaking countries influenced by Graf and colleagues, acetabular dysplasias (Graf 2) are considered pathological and thus treated with splintage. The risk of acetabular dysplasia progressing to dislocation and late osteoarthritis is not yet known; however, they consider this potential risk significant enough to justify placing more babies in abduction splints despite the higher risk of iatrogenic AVN. Pavlik harness treatment is recommended for a maximum of four weeks in America; however, in Europe the treatment time is less well defined. Early diagnosis and treatment, avoiding the need for surgery, does improve outcome. Angliss et al. [6] reported a 25% rate of osteoarthritis at long-term follow-up after closed reduction as opposed to 49% after open reduction. The success rate of abduction splinting falls significantly if instigated after seven weeks of age, although it may still be used in an infant up until six months [15, 16] . After six months, closed reduction may only be possible with an adductor release, with or without psoas tenotomy, followed by three to four months in an abduction splint. Traction has been advocated to aid closed reduction in late detected DDH with one retrospective study reporting a 95.7% success rate in 36 children between the ages of one and 4.9 years; however, 91.5% of patients subsequently required pelvic osteotomy to correct residual dysplasia [52] . In most cases closed reduction is unlikely to succeed after 18 months and open reduction is necessary. This confers a less successful outcome with high AVN rate, reportedly between 5% and 43% [6, 53, 54] . This variability will reflect the success or failure of previous treatment.
In children of walking age open reduction is frequently combined with a femoral varus derotation osteotomy (VDRO) or pelvic osteotomy. A VDRO redirects the femoral head towards the centre of the acetabulum with the aim of maintaining stability of concentric hip reduction. Acetabular dysplasia may subsequently remodel secondary to the improved containment. However, some clinicians believe the capacity for acetabular remodelling declines rapidly after the age of 18 months and perform pelvic osteotomy at the time of open reduction to correct residual dysplasia directly [55] . A recent two-centre prospective study showed that acetabular remodelling after open hip reduction and pelvic osteotomy was significantly more effective at reversing acetabular dysplasia and maintaining hip reduction than open reduction and femoral VDRO [55] . Residual subluxation and iatrogenic AVN are the most significant predictors of early osteoarthritic change. Table 4 Early management for suspected developmental hip dysplasia [26] * if immediate treatment cannot be instigated at the time of the ultrasound, then the scan should be performed at 4 weeks to allow time for the results to be known and an appropriate referral made.
USS=ultrasound scan
Delaying hip reduction until appearance of the femoral head ossific nucleus around the age of six months has been advocated as a treatment strategy to minimise the risk of AVN [56] . A recent moderate evidence meta-analysis including 415 patients from six observational studies showed the presence of the ossific nucleus reduced AVN risk by 60% after closed reduction (relative risk=0.41, 95% CI 0.18-0.91), but had no significant effect after open reduction (relative risk=1.14, 95% CI 0.62-2.07) [54] . Planning the time and method of hip reduction in late detected cases remains a controversial subject.
Summary
The screening method of choice and its effectiveness in DDH still needs to be established. If screening was abandoned, late detection rates would increase and a significantly higher risk of AVN would be expected with less successful outcome because open surgical reduction would become more common. Universal ultrasound performed by skilled examiners can eliminate late presenting DDH; however, it does not eliminate surgery as a proportion will still fail conservative treatment. It's benefit as a screening modality is most significant when the clinical screening is performed by poorly trained examiners as long as the ultrasound screening itself is performed well. At present to reduce late detection rates clinical 'surveillance' by well trained examiners should continue throughout infancy. There is no level 1 evidence to advise on the role of abduction splinting in DDH although clinicians feel strongly that hip instability does improve with such a treatment regime. Further research needs to establish whether early splintage of clinically stable but sonographically dysplastic hips affects future risk of late-presenting dysplasia/dislocation and osteoarthritis. On the basis of the available level 3 evidence, Graf 3 or 4 hips and those that are clinically unstable should be splinted early (before seven weeks). Graf 2 hips may be monitored by serial ultrasound and splinted if progression to Graf 3 or 4 dysplasia occurs. Hips which are unstable on ultrasound alone do require treatment.
